INTRODUCTION
============

Breast cancer can be divided into several intrinsic subtypes including luminal subtypes (almost defined by ER-positive and Her2-negative), Her2 subtype (characterized by Her2-overexpression), and basal-like breast cancer (including mainly triple-negative breast cancer, TNBC, characterized by ER-negative, Her2-negative and PR-negative) \[[@B1][@B2][@B3]\]. Patients with two former subtypes seem to have good outcomes as treatments are based on targeting specific receptors (ER and/or Her2) while patients with TNBC are associated with poor clinical prognosis due to absence of specific targeted treatments \[[@B4]\]. TNBC accounts for approximately 15% of breast cancer cases \[[@B5]\] and frequently occurs in younger patients. TNBC shows more aggressive and metastatic behaviors \[[@B3]\] and distant recurrence of TNBC appears to be more hazard than other subtypes \[[@B6]\]. Current available treatments for TNBC are mainly based on chemotherapy and radiotherapy; however, there are several limitations. Relapse usually occurs in patients with TNBC after 3\~5 years of clinical intervention and cancer develops resistance to chemotherapy \[[@B7]\]. Besides, treatment method like radiotherapy is harmful in nature as it can potentiate carcinogenesis. Therefore, looking for new therapeutic agents that are effective, less toxic and can prevent avoidance of relapse is a prerequisite.

Natural products like flavonoids show advantages including no or less effect on normal cells, effectiveness in killing cancer cells and improvement in cancer relapse. Hence, flavonoids having these properties can be considered as potential cancer therapeutic agents. One of such natural flavonoid is quercetin which is known to have multiple biological actions including anti-oxidant \[[@B8]\], anti-inflammatory \[[@B9]\] and anti-cancer activities with almost no human toxicity \[[@B10]\]. Recently, scientists have paid much attention on anti-cancer activities of quercetin. Studies proved that quercetin is able to enhance radiotherapy and chemotherapy in animal models \[[@B11][@B12]\]. Besides, quercetin is also a chemopreventive agent against diseases including tumors \[[@B13]\]. Recently, rising evidences elucidated that anti-cancer activity of quercetin is via growth inhibition and proapoptosis in many cancer cells models \[[@B14][@B15][@B16][@B17]\]. Quercetin inhibition of cancer cell proliferation has been indicated via inhibiting intracellular signaling such as PI3K, EGFR and Her2/neu \[[@B18][@B19][@B20]\]. Quercetin has also been shown to induce cancer cell apoptosis via modulating survival signaling pathways (Akt, NF-kB) or regulatory molecules associated with cell apoptosis (p53, Bcl-2 family, FasL) \[[@B16][@B17][@B19][@B21]\]. However, anti-tumor effects of quercetin on breast cancer, especially TNBC and its mechanisms are poorly understood.

Foxo3a, is a member of Forkhead box O (FOXOs) transcription factors family that is known as a key tumor suppressors in mammalian cells. Foxo3a is closely related to cellular apoptosis, aging, proliferation, metabolism, differentiation and tumorigenesis \[[@B22]\]. Recent study elucidated role of Foxo3a in reducing cell proliferation and tumorigenesis in ER positive breast cancer \[[@B23]\]. Moreover, Akt/Foxo3a signaling has been demonstrated to mediate flavonoid-induced breast cancer cells apoptosis and cell cycle arrest \[[@B24]\]. Besides, Foxo3a has emerged as an important mechanism of apoptosis and cell cycle arrest induced by cytotoxic agents in breast cancer \[[@B25][@B26][@B27]\]. While TNBC lack specific targeted treatment, Foxo3a may be an attractive therapeutic target for TNBC.

In this study, we report that quercetin induced apoptosis and cell cycle arrest in TNBC cells and Foxo3a might be a regulatory molecule for anti-cancer effects of quercetin in TNBC. Our study also suggests the involvement of JNK in regulation of quercetin-enhanced Foxo3a activity leading to apoptosis and cell cycle arrest, and the possible regulation of Foxo3a-induced apoptosis and proliferation arrest are via FasL and p53, p21 and GADD45 signaling, respectively.

METHODS
=======

Materials
---------

Quercetin was bought from Sigma (US). 3-\[4, 5-dimethylthiazol-2-yl\]-2, 5-diphenyltetrazolium bromide (MTT) were purchased from Amresco (US). Antibody against Foxo3a, JNK, p-JNK, p-ERK, p-p38 and Lamin B1 were from Cell Signaling Technology (Boston, US). Anti-β-actin was obtained from Santa Cruz Biotechnology (Santa Cruz, US). SP600125 was from Tocris (Avonmouth, UK). SB203580 and PD98059 were bought from Calbiochem (USA).

Cell culture
------------

Human breast cancer cell line MDA-MB-231 (ATCC, HTB-26) were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were maintained at 37℃ and 5% CO~2~ in a humidified atmosphere. Cells were starved in serum-free media for 12 h prior to quercetin treatment.

Cell viability assay
--------------------

Cells were plated at a density of 1×10^4^ in 96 well-plates. Different concentrations of quercetin were used to treat cells. After incubation time, media were replaced with fresh media containing MTT at final concentration of 0.5 mg/ml. After 2 h incubation at 37℃, supernatant was carefully removed, the insoluble formazan crystal was dissolved in 200 µl of dimethyl sulfoxide (DMSO) and optical density (OD) was measured at 570 nm wave lengths.

RNA isolation and RT real-time PCR
----------------------------------

RNAs was extracted from cells cultured in 6 well-plates using Trizol reagent (Invitrogen, Carlsbad, CA, US). For RT-PCR, SuperScript II Reverse Transcriptase (Invitrogen) was used to convert RNAs (2 µg) to cDNA. One µl of cDNA (1:20 dilutions) were used for real-time PCR. qPCR products were detected with SYBR Green (2xGreen star qPCR MasterMix, Bioneer, Korea) on Rotor-Gene Q (Qiagen, Hilden, Germany). qPCR procedure was denaturation at 95℃ for 10 mins, 40 cycles of denaturation at 95℃ for 20 s, annealing at 60℃for 20 s and extension at 72℃ for 25 s. Gapdh gene was used as internal control. Relative expression was analyzed using ΔΔCT method. PCR primers were used as followed: Gapdh, 5\'-TTCAGCTCAGGGATGACCTT-3\' (forward) and 5\'-ACCCAGAAGACTGTGGATGG-3\' (reverse); Foxo3a, 5\'-ACTCACTTAGCCACAGCGAT-3\'(forward) and 5\'-TGACCAAACTTCCCTGGTTA-3\' (reverse); FasL, 5\'-AACCAAGTGGACCTTGAGAC-3\'(forwa rd) and 5\'-TTCACATGGCAGCCCAGAGT-3\' (reverse).

Protein isolation and western blot analysis
-------------------------------------------

Cells were washed with cold PBS and lysed using RIPA buffer (20 mM Tris-HCl, pH 7.5, 200 mM NaCl, 1% Triton X-100, 1 mM dithiothreitol) containing protease inhibitor cocktail (Roche) and phosphatase inhibitors. Protein concentration was determined using Protein assay kit (Biorad) following the manufacture\'s protocol. Total protein was separated on SDS-polyacryramide gel electrophoresis and transferred to PVDF membrane. The membrane was then blocked in 5% skimmed milk, incubated with indicated primary antibodies (all antibodies were diluted 1:1000 in 3% BSA) for 2 h at room temperature and incubated with respective horseradish peroxidase-conjugated secondary antibodies. Protein bands were visualized using the enhanced chemiluminescence reagents (Bionote, Korea) and signals were detected and quantified using Fusion-Fx system (Vilber Lourmat, Eberhardzell, Germany).

Cytoplasmic and nuclear fractionation
-------------------------------------

For examine nuclear translocation of Foxo3a, cytoplasmic and nuclear fractions were prepared with the NE-PER nuclear and cytoplasmic extraction reagents (Thermo Scientific). After treatment with quercetin, MDA-MB-231 cells (2×10^6^) were harvested. According to the manufacturers\' instructions, the nuclear and cytoplasmic fractions were collected, followed by western blot analysis. β-actin and Lamin B1 were used as loading controls of cytoplasmic and nuclear fractions, respectively.

Gene knockdown by siRNA or shRNA
--------------------------------

For knockdown using siRNA, cells were seeded in 6-well plates and transfected with 100 nM siFoxo3a or scrambled control siRNA using Mission siRNA transfection agent (Sigma). SiFoxo3a were chemically synthesized by Bioneer (Daejon, South Korea), sequence of siFoxo3a as followed: 5\'-GACGAUGAUGCGCCUCUCU dTdT-3\' (sense) and 5\'-AGAGAGGCGCAUCAUCGUC dTdT-3\' (antisense). Scrambled control siRNA (sc-37007) were from Santa Cruz Biotechnology.

For knockdown using shRNA, cells were transfected with the shFoxo3a (Openbiosystem) or co-transfected with shFoxo3a and reporter constructs, using Genefectine transfection reagent (Genetrone Biotech, Korea). Scramble shRNA (Addgene) was used as control.

Luciferase assay
----------------

Cells were seeded in 48-well plates at density of 5×10^4^ cells/well and transfection was carried out with Genefectine. Foxo3a reporter (FHRE-luc), p21 promoter reporter (WWP-luc), p53 reporter (pG13-Luc) or GADD45 promoter reporter (Gadd45-Luc) (Addgene) (200 ng/well) and control reporter (pRL-TK, Promega) (20 ng/well) were used for co-transfection. After 24 h, cells were treated with 20 µM quercetin. Luciferase activities were measured after 24 h in luminometer (Glomax, Promega, CA, US) using a Dual-Luciferase assay kit (Promega), according to the manufacture\'s recommendations. Value of luciferase activity was normalized to Renilla luciferase activity.

Detection of apoptosis
----------------------

MDA-MB-231 cells were prepared in 6 well-plates. After exposure to 20 µM quercetin for 24 h or 48 h, cells were collected and subjected to Annexin V and propidium iodide (PI) staining using FITC Annexin V Apoptosis Detection kit I (BD Pharmingen), following the protocol provided by the manufacturer. Apoptotic cells were then analyzed by flow cytometry (FACSCalibur, BD Biosciences, San Diego, CA, USA). Post-compensation and analysis of FACS data were done using Flowing 2.5.1 version software.

Cell cycle analysis
-------------------

After treatment with 20 µM quercetin for 48 h, cells were washed twice with PBS and fixed with 70% ethanol for 1 h at 4℃, and then resuspended with PBS containing 20 µg/ml PI (Sigma) and 50 µg/ml RNase A. Cells were incubated at room temperature in the dark for 30 mins and cell cycle was analyzed by flow cytometry. The data was analyzed using Cell Quest Pro 6.0 (BD Biosciences) and ModFit LT software (BD Biosciences).

Immunocytochemistry
-------------------

Cells grown on coverslips were fixed in 4% paraformandehyde in PBS for 10 mins at 4℃, permeablized in 0.25% Triton X-100 in PBS for 10 mins, and blocked in 5% donkey serum (Chemicon) and 0.3% Triton X-100 in PBS for 30 mins at RT. Next, cells were incubated with rabbit polyclonal anti-Foxo3a antibody (Cell signaling) (1:200) in 1% BSA and 0.3% Trition X-100 in PBS for overnight at 4℃. After that, incubation of cells with Alexa 488-conjugated goat anti-rabbit IgG (Molecular Probes) (1:1000) in 1% BSA and 0.3% Trition in PBS was carried out in RT. After deeply washing the cells with PBS, DAPI (1 µg/ml in PBS) was added to stain nuclei. Cells were mounted with Fluoromount-G (Southern biotech) and images were taken by a fluorescence microscope.

Statistical analysis
--------------------

Statistical differences were analyzed by Graphpad Prism 5.0 (San Diego, CA) and evaluated by two-tailed Student\'s t-test. All data was presented as mean±SEM of at least three independent experiments. p\<0.05 was considered statistically significant.

RESULTS
=======

Quercetin reduced viability of MDA-MB-231 cells
-----------------------------------------------

To determine the effect of quercetin on TNBC cells, we treated MDA-MB-231 cells with various quercetin concentrations (2.5\~80 µM) for 24 h, 48 h and 72 h and cell viability was determined by MTT assay. As shown in [Fig. 1](#F1){ref-type="fig"}, quercetin demonstrated dose- and time-dependent effects on reduction of the cell viability in MDA-MB-231 cells. Treatment with either 40 µM or 80 µM of quercetin for 24 h reduced cell viability about 20% and 35%, respectively, while treatment with lower concentrations (2.5\~20 µM) just caused a minor reduction in cell viability (about 5\~10%) in comparison with control. However, the reduction in cell viability increased steadily from 24 h to 72 h in quercetin treatment with all doses.

Quercetin induced apoptosis and cell cycle arrest in MDA-MB-231 breast cancer cells
-----------------------------------------------------------------------------------

Further, to study whether the reduced viability was due to cell apoptosis triggered by quercetin treatment, FACS analysis was used to detect apoptotic cells followed by treatment of 20 µM quercetin at 24 h and 48 h. Results showed an increase of 15% apoptotic cells (cells with Annexin V positive) after 48 h of quercetin treatment. However, no significant difference for cell death was observed after 24 h of quercetin treatment, compared with control ([Fig. 2A](#F2){ref-type="fig"}). Obtained results are consistent with MTT results as treatment with 20 µM of quercetin for 24 h did not affect cell viability and apoptosis significantly. However, after 48 h of quercetin treatment, cell viability was reduced and population of apoptotic cells was increased significantly. The increase of apoptotic cell death (about 15%) was less than the decrease of cell viability observed by MTT assay (about 30%). It may be further explained by growth arrest. Therefore, we analyzed changes in cell cycle after 48 h of stimulation with quercetin (20 µM) using flow cytometry. As shown in [Fig. 2B](#F2){ref-type="fig"}, quercetin caused cell cycle arrest at S and G2/M phase. Namely, treatment with quercetin resulted in 3 fold increase in cell population of S phase and 2 fold increase in cell population of G2/M phase, along with 30% reduction in cell population of G0/G1 phase. Fas ligand (FasL) is a pro-apoptotic factor that can activate Fas receptor leading to apoptosis. Here we observed that expression of FasL mRNA was enhanced by quercetin after 24 h treatment ([Fig. 2C](#F2){ref-type="fig"}). p53 is known as a cell cycle regulator that activates and inhibit genes involved in cell cycle. GADD45, a p53-regulated and DNA damage-inducible protein have been shown to induce G2-M cell cycle arrest \[[@B28][@B29]\]. p21 (p21^WAF1/Cip1^), a protein transcriptionally regulated by p53 has been reported to inhibit CDK2 activity, leading to G1/S arrest. \[[@B30]\]. Therefore, signaling activities of p53, p21 and GADD45 were analyzed after quercetin treatment. [Fig. 2D](#F2){ref-type="fig"} shows that quercetin treatment induced signaling activity of p53 (about 3 folds) and promoter activities of p21 (4 folds) and GADD45 (3 folds), suggesting a possibility that increased activities of p53, p21 and GADD45 might lead to cell cycle arrest triggered by quercetin.

Effect of quercetin on Foxo3a activity
--------------------------------------

Above data showed that quercetin significantly induced apoptosis and cell cycle arrest in breast cancer cells. Identification of signaling molecules that are regulated by quercetin and can contribute to apoptosis and cell cycle arrest was required. It is known that Foxo3a signaling pathway is involved in cell apoptosis and cell cycle arrest by regulating transcription of genes involved in triggering apoptosis \[[@B31]\] and inhibiting cell cycle \[[@B32]\]. Therefore, any involvement of Foxo3a after quercetin treatment in MDA-MB-231 cells was investigated. Data showed that quercetin treatment for 24 h induced about 3 folds of Foxo3a activity in breast cancer cells, as detected by Luciferase assay ([Fig. 3A](#F3){ref-type="fig"}). Further, to elucidate whether quercetin regulated Foxo3a activity was affecting at gene or protein level, we measured mRNA and protein levels of Foxo3a in quercetin-treated cancer cells. The result displayed that quercetin did not affect gene expression of Foxo3a after 12 h, 24 h and 48 h of treatment ([Fig. 3B](#F3){ref-type="fig"}), however, quercetin triggered a steady increase in protein level of Foxo3a after 3\~12 h of treatment, maximal increment being 5 folds after 12 h of treatment ([Fig. 3C](#F3){ref-type="fig"}).

Since transcriptional activity of Foxo3a requires its nuclear translocation, we tried to examine the subcellular localization of Foxo3a in quercetin-treated MDA-MB-231 cells. Our immunofluorescence analysis shows increased nuclear Foxo3a of quercetin-treated cells compared to control ([Fig. 3D](#F3){ref-type="fig"}). The result obtained was further confirmed by western blot with nuclear and cytoplasmic fractions. The data shows that quercetin-treated MDA-MB-231 cells exhibited 6\~7 folds increases in nuclear Foxo3a protein levels at 6\~24 h of treatment, in comparison with control at 0 h. However, no change of cytoplasmic protein levels of Foxo3a by quercetin treatment was observed ([Fig. 3E](#F3){ref-type="fig"}). The results indicate that overall elevated Foxo3a protein in quercetin-treated MDA-MB-231 is associated with its increased levels in nuclei.

Quercetin induced Foxo3a activity through activation of JNK signaling pathway
-----------------------------------------------------------------------------

Since quercetin regulated Foxo3a activity, it may be essential to clarify upstream signaling pathways responsible for regulation of Foxo3a activity in quercetin treatment. Therefore, we investigated whether activation of several signaling pathways such as ERK, p38, JNK was induced by quercetin. Western blot analysis using antibodies against phosphorylated forms of ERK, p38 and JNK was carried out to determine activation of respective signaling pathways. As presented in [Fig. 4A](#F4){ref-type="fig"}, a significant increase of JNK activation (p-JNK/JNK) was observed after 1\~2 h of quercetin treatment. This activation of JNK might be responsible for increased Foxo3a protein level as observed after 3\~12 h of quercetin treatment. However, the other signaling pathway activation (p-ERK and p-p38) showed no significant alteration by quercetin.

To confirm that JNK is one of main signaling pathway participating Foxo3a activity regulation, a JNK specific inhibitor (SP600125) was used. Results showed that pre-treatment with 1 µM of JNK inhibitor (SP600125) completely abolished the effect of quercetin on elevation of protein level and transcriptional activity of Foxo3a ([Fig. 4A and 4B](#F4){ref-type="fig"}). Taken together, the data suggests that JNK signaling pathway participated in regulation of Foxo3a activity in quercetin-treated breast cancer cells.

Moreover, involvement of p38 and ERK signaling pathway in increased Foxo3a activity in response to quercetin treatment was further confirmed. The result shows that treatment with 20 µM of p38 inhibitor SB203580 or 50 µM of ERK inhibitor PD98059 \[[@B33]\] did not affect on quercetin-induced Foxo3a activity (data not shown), suggesting that p38 and ERK signaling pathways may be not necessary for the induction of Foxo3a in response to quercetin treatment.

Quercetin regulated apoptosis and cell cycle arrest through JNK-Foxo3a signaling pathway
----------------------------------------------------------------------------------------

To verify whether Foxo3a was involved in apoptosis and cell cycle arrest triggered by quercetin treatment, MDA-MB-231 cells were transiently transfected with Foxo3a-specific siRNA to deplete the endogenous expression of Foxo3a and the cells transfected with scramble siRNA was used as control. As shown in [Fig. 5A](#F5){ref-type="fig"}, quercetin-induced apoptosis was reduced significantly in Foxo3a siRNA-transfected cells, compared to control. Moreover, Foxo3a knockdown reduced the effect of quercetin on increasing cell population in S and G2/M phases significantly ([Fig. 5B](#F5){ref-type="fig"}). The result suggests that Foxo3a may regulate apoptosis and cell cycle arrest induced by quercetin.

Moreover, effect of Foxo3a knockdown on increased activities of p53, p21 and GADD45 signaling in quercetin treatment was analyzed. MDA-MB-231 cells were co-transfected with Foxo3a shRNA (or scramble shRNA for control) and a plasmid containing p21, p53 or GADD45 luciferase reporter gene prior to quercetin treatment for 24 h. As shown in [Fig. 5C](#F5){ref-type="fig"}, the increase in the reporter activities of p53, p21 and GADD45 were abolished in Foxo3a knockdown cells compared with control. This data suggests that Foxo3a was possibly involved in regulation of p53, p21, and GADD45 signaling activities enhanced by quercetin.

As JNK signaling pathway was involved in regulation of Foxo3a in quercetin treatment, we also examined the involvement of JNK in induction of p21, p53 and GADD45 signaling activities. Similarly to Foxo3a knockdown treatment, JNK inhibitor also abolished the effect of quercetin on increasing reporter activities of p21, p53 and GADD45 in MDA-MB-231 cells ([Fig. 5D](#F5){ref-type="fig"}).

DISCUSSION
==========

In addition to pro-apoptotic activity, quercetin possesses anti-apoptotic activity in several non-tumorigenic cells. As reported, quercetin inhibits hydrogen peroxide-induced apoptosis in mesangial cells \[[@B34]\] and epithelial cells \[[@B35]\]. Quercetin was also known to inhibit apoptosis of neuronal cells caused by trauma brain injury \[[@B36]\]. However, quercetin frequently activates apoptosis in cancer cells. Quercetin-mediated apoptosis may result from mitochondria disruption \[[@B37]\], ROS generation \[[@B14][@B38]\], quercetin intercalation into DNA \[[@B39]\] or downregulation of survival signaling pathways such as PI3K/Akt, NFkB \[[@B40]\]. Besides, quercetin causes cell cycle arrest in cancer cells by modulating several molecules, for examples, p21, p27, cyclin B1 and cyclin-dependent kinases \[[@B41][@B42][@B43]\].

Till now, there are only few studies on the anti-cancer effect of quercetin in TNBC. This study revealed that anti-cancer effect of quercetin in TNBC cells was via induction of apoptosis and cell cycle arrest. Our primary observation shows that quercetin reduced cell viability in a time- and dose-dependent manner ([Fig. 1](#F1){ref-type="fig"}). And treatment with quercetin (20 µM) for 48 h induced both cell apoptosis and cell cycle arrest at S and G2/M phases ([Fig. 2A and 2B](#F2){ref-type="fig"}). Moreover, the apoptosis-inducing effect of quercetin was confirmed by the observation that quercetin treatment stimulated FasL mRNA expression at 24 h ([Fig. 2C](#F2){ref-type="fig"}). Besides, S and G2/M cell cycle arrest triggered by quercetin was further confirmed by effect of quercetin on increased signaling activities of p53, p21 and GADD45 ([Fig. 2D](#F2){ref-type="fig"}).

Previous studies showed quercetin induced apoptosis and inhibited cell cycle in TNBC cells \[[@B44][@B45]\], however, in these papers they used high doses of quercetin to treat breast cancer cells. According to study of Chien et al, quercetin treatment of concentration of 250 µM caused ER stress, reduced mitochondrial membrane potential (MMP), activation of capase-3 and reduction of X-linked inhibitor of apoptosis protein (XIAP) which may result in quercetin-induced apoptosis in MDA-MB-231 cells \[[@B44]\]. The other study shows that treatment of 80 µM quercetin to MDA-MB-231 caused an increase in miR-146a, in turn, miR-146a increased Bax and activated capase-3, leading to apoptosis \[[@B45]\]. However, miR-146a may not be mechanism for quercetin-induced apoptosis in quercetin treatment with lower doses as it was shown that effect of a low dose of quercetin (25 µM) on miR-146a was less noticeable. Besides, our study is in agreement with previous studies showing that quercetin increases cell accumulation at G2/M and S phases \[[@B44][@B46]\]. Activation of p53 and increased p21 was also observed by quercetin treatment to TNBC cells \[[@B46]\].

FOXOs transcription factors have been known to regulate proliferation, apoptosis, differentiation and metabolic processes \[[@B47]\]. Till now, suppression of FOXOs in cancer cells was thought to be mainly due to activation of multiple oncokinases such as Akt, serum- and glucocorticoid-induced kinase (SGK), by a phosphorylation-ubiquitylation-mediated cascade \[[@B48]\]. On the other hand, JNK increases nuclear localization of FOXOs allowing transcriptional activity of FOXOs \[[@B49][@B50]\]. FOXOs are known to modulate expression of genes involved in apoptosis and cell cycle \[[@B31][@B51]\].

This study for the first time elucidated that quercetin was able to regulate Foxo3a activity, resulting in apoptosis and cell cycle arrest. Data shows that quercetin increased Foxo3a protein level at about 3\~12 h with maximal increment at 12 h ([Fig. 3C](#F3){ref-type="fig"}), while did not alter its mRNA level ([Fig. 3B](#F3){ref-type="fig"}), suggesting that quercetin may affect on stability of Foxo3a protein. Moreover, to enable a transcriptional activity of Foxo3a, Foxo3a translocation to nucleus is required. Our data from immunostaining and subcellular fractionation experiments show elevated nuclear Foxo3a levels in quercetin-treated breast cancer cells compared to control ([Fig. 3D and 3E](#F3){ref-type="fig"}). Moreover, FasL, a pro-apoptotic gene, is also known as a target gene of Foxo3a. The data showed the increase of Foxo3a nuclear translocation at 6\~24 h, followed by the increase of FasL mRNA level observed at 24 h after quercetin treatment ([Fig. 2C](#F2){ref-type="fig"}). Therefore, Foxo3a nuclear translocation may be related to its function on activation of target genes.

Investigating the upstream signaling pathway that regulates Foxo3a activity in quercetin treatment, our study found that JNK was a possible signaling pathway involved in induction of Foxo3a activity in quercetin-treated breast cancer cells. The evidence is that quercetin treatment increased JNK activation (pJNK/JNK) at 1\~2 h ([Fig. 4A](#F4){ref-type="fig"}). The other evidence is that treatment with JNK inhibitor (SP600125) inhibited JNK activation and decreased Foxo3a protein level and activity ([Fig. 4B and 4C](#F4){ref-type="fig"}). However, ERK and p38 signaling pathways may not be related to regulation of Foxo3a in quercetin-treated breast cancer cells.

Moreover, our study provided evidences suggesting for role of Foxo3a in apoptosis and cell cycle arrest in quercetin-treated breast cancer cells. The data revealed that silencing of the endogenous Foxo3a expression rescued breast cancer cells from apoptosis and cell cycle arrest and abolished the increment of p53, p21 and GADD45 signaling activities in response to quercetin treatment ([Fig. 5A, 5B and 5C](#F5){ref-type="fig"}). In addition, the possible involvement of JNK in effect of quercetin on breast cancer cells was confirmed by effect of JNK inhibitor on signaling activities of p53, p21 and GADD45 in quercetin-treated breast cancer cells ([Fig. 5D](#F5){ref-type="fig"}).

In summary, for the first time our study demonstrated that Foxo3a signaling pathway is one of the main contributor to the apoptotic process and cell cycle arrest by quercetin treatment. Moreover, quercetin effectively induced apoptosis and growth arrest in TNBC cells, suggesting that quercetin may be a potential therapeutic against TNBC.
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![Quercetin reduced viability of MDA-MB-231 breast cancer cells.\
MDA-MB-231 cells were treated with various concentration of quercetin (2.5\~80 µM) for 24 h, 48 h and 72 h. Cell viability was assessed by MTT assay. ^\*^p\<0.001, significant difference compared to control.](kjpp-21-205-g001){#F1}

![Quercetin induced apoptosis and cell cycle arrest in MDA-MB-231 breast cancer cells.\
(A) FACS analysis via Annexin V-FITC/PI staining was used to observe the induction of apoptosis in MDA-MB-231 by quercetin treatment. Representative images of the flow cytometry analysis are shown (left). Cells in the lower and upper right quadrant indicate cells with early and late apoptosis, respectively. Statistic graph presents apoptotic levels of quercetin-treated samples and untreated controls at 24 h and 48 h (right). (B) MDA-MB-231 cells were treated with quercetin for 48 h and stained with PI. Cell cycle was analyzed by FACS. M1, M2, M3 and M4 indicate sub G1, G0/G1, S and G2/M phases of cell cycle, respectively (up). The graph shows percentage of cells in each phase (down). (C) RT real-time PCR analysis for expression of FasL mRNA in MDA-MB-231 cells treated with 20 µM quercetin for 12 h, 24 h and 48 h. (D) MDA-MB-231 cells were transiently transfected with p53, p21 or GADD45-luciferase reporter for 24 h prior to treatment of 20 µM quercetin for another 24 h. Cells lysate were collected for Luciferase assay. Relative luciferase activity after normalized with Renilla luciferase reporter is shown as fold change from control. ^\*^p\<0.05, ^\*\*^p\<0.01, ^\*\*\*^p\<0.001.](kjpp-21-205-g002){#F2}

![Quercetin induced Foxo3a activity.\
(A) MDA-MB-231 cells were transiently transfected with Foxo3a luciferase reporter for 24 h prior to treatment of 20 µM quercetin for another 24 h. Thereafter, cell lysates were collected for Luciferase assay. The graph shows relative luciferase activity. (B) RT real-time PCR analysis for expression of Foxo3a mRNA in MDA-MB-231 cells treated with 20 µM quercetin for 12 h, 24 h and 48 h. (C) MDA-MB-231 cells were treated with 20 µM quercetin for various time points from 0 to 48 h and total Foxo3a was detected by western blot. β-actin was used as loading control (left). Densitometric quantification of Foxo3a protein levels from western blot analysis (right). Foxo3a levels were compared to basal level at 0 h. (D) After treatment with quercetin for 24 h, cells were fixed and stained for Foxo3a, and DNA was counterstained with DAPI. Representative microcopy images are shown (E) Breast cancer cells were treated with quercetin for 6 h, 12 h and 24 h, and subcellular fractions were isolated and immunoblotted for Foxo3a. Lamin B1 and β-actin were used as loading controls of nucleus and cytoplasm respectively. Western blot analysis image (up) and densitometric quantification of Foxo3a protein expression from western blot analysis (down). ^\*^p\<0.05, ^\*\*^p\<0.01, \*\*\*p\<0.001.](kjpp-21-205-g003){#F3}

![Quercetin increased Foxo3a activity via activation of JNK signaling pathway.\
(A) MDA-MB-231 was treated with quercetin and levels of p-ERK, p-38, JNK, p-JNK and Foxo3a at 0\~8 h were detected by western blot (left). Densitometric quantification of protein expression from western blot analysis (right). The protein levels were compared to basal level at 0 h (B) MDA-MB-231 cells were pre-treated for 30 mins with SP600125 prior to treatment of quercetin for 3 h. Samples were collected and levels of Foxo3a, JNK and p-JNK were determined by western blot. β-actin was used as loading control. (C) MDA-MB-231 cells were transiently transfected with Foxo3a luciferase reporter for 24 h prior to pre-treatment of SP600125 for 1 h and treatment of 20 µM quercetin for another 24 h. Luciferase assay was used to measure activity of Foxo3a. Relative luciferase activity after normalized with Renilla luciferase reporter is shown as fold change from control. ^\*^p\<0.05, ^\*\*^p\<0.01, ^\*\*\*^p\<0.001.](kjpp-21-205-g004){#F4}

![Quercetin regulates apoptosis and cell cycle arrest through the JNK-Foxo3a axis.\
(A) Cancer cells were transfected with Foxo3a siRNA or scramble siRNA for control prior to treatment with 20 µM quercetin for 48 h. FACS analysis was applied to measure population of apoptotic cells. Representative images of the flow cytometry analysis are shown (left). Statistic graph presents apoptotic levels (right). (B) Cancer cells were transfected with Foxo3a siRNA or scramble siRNA for control prior to treatment with 20 µM quercetin for 48 h. Then, cells were collected and stained with PI, cell cycle was analyzed by FACS. M1, M2, M3, M4 indicate sub G1, G0/G1, S and G2/M phase, respectively (up). The graph shows the percentage of cells in each phase (down). (C) MDA-MB-231 cells were transiently co-transfected with Foxo3a shRNA and a plasmid containing p53, p21 or GADD45 luciferase reporter for 24 h prior to treatment of quercetin. Luciferase activity was measured after 24 h. (D) MDA-MB-231 cells were transfected with p53, p21 or GADD45 luciferase reporter for 24 h prior to pre-treatment of 1 µM SP600125 and treatment of 20 µM quercetin. Luciferase activity was measured after 24 h. ^\*^p\<0.05, ^\*\*^p\<0.01, ^\*\*\*^p\<0.001.](kjpp-21-205-g005){#F5}
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